1. Fat-free homogenates from the epididymal fat-pads ofrats were used to measure the rate of palmitate esterification with different substrates. The effectiveness of the acyl acceptors decreased in the order glycerol phosphate, dihydroxyacetone phosphate, 2-octadecenylglycerol and 2-hexadecylglycerol. 2. Glycerol phosphate and dihydroxyacetone phosphate inhibited their rates of esterification in a mutually competitive manner. 3. The esterification of glycerol phosphate was also inhibited in a partially competitive manner by 2-octadecenylglycerol and to a lesser extent by 2-hexadecylglycerol. However, glycerol phosphate did not inhibit the esterification of 2-octadecenylglycerol. 4. The esterification of dihydroxyacetone phosphate and 2-hexadecylglycerol was more sensitive to inhibition by clofenapate than was that of glycerol phosphate. Norfenfluramine was more effective in inhibiting the esterification of 2-hexadecylglycerol than that of glycerol phosphate or dihydroxyacetone phosphate. 5. It is concluded that rat adipose tissue can synthesize glycerolipids by three independent routes.
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It has been suggested that triacylglycerol synthesis in adipose tissue can proceed via the esterification of three different precursors. These are respectively snglycerol 3-phosphate (Rose & Shapiro, 1960; Daniel & Rubenstein, 1968; Jamdar & Fallon, 1973) , dihydroxyacetone phosphate (LaBelle & Hajra, 1972a,b) and monoacylglycerol . Little is known about the control ofthese pathways or their interrelationships. In fact, the relative activities of these three routes of metabolism measured simultaneously in the same tissue have not yet been reported. Neither is it known whether the incorporation of the three precursors into lipids is catalysed by the same or different enzymes.
There is considerable interest in the metabolism of adipose tissue both from the point of view ofstudying the normal processes of triacylglycerol storage and of investigating some of the events leading to obesity. The present study was designed to determine the relative activities of the three routes of glycerolipid synthesis, to characterize them, and to study their possible interrelationships. The experimental tissue chosen was the epididymal fat-pad of the rat.
Materials and Methods

Animals
Male Wistar rats (250-320g) were Unit, Sutton Bonington, Leics., U.K. They were allowed free access to the 41B diet and water before the experiments.
Materials
Unless stated to the contrary, materials were prepared or purchased as described previously (Sainchez et al., 1973; Mangiapane et al., 1973; Brindley & Bowley,11975) . Hepes [2-(N-2-hydroxyethylpiperazin-N'-yl)ethanesulphonic acid] was obtained from Hopkin and Williams Ltd., Chadwell Heath, Essex, U.K., and octadec-cis-9-enol and dihydroxyacetone phosphate (dimethylketal, cyclohexylamine salt) were from Sigma (London) Chemical Co., Kingston-uponThames, Surrey, U.K. On the day before use, dihydroxyacetone phosphate was generated according to the manufacturer's instructions. The liberated methanol and the water from washings were removed by freeze-drying overnight. Immediately before use the solution was adjusted to pH7-7.4 with solid KHCO3.
Preparation ofalkylglycerols 2-O-Hexadecylglycerol was prepared by Mrs. V. J. Short (Short et al., 1974 The 2-O-octtadec-cis-9-enylf1,3-3H3glycerol was finally purified by t.l.c. on plates (0.5mm thiic:) of silica gel N (Macherey-Nagel, Diiren, Germany) by using chloroform/methanol (49: 1, v/v) for development (Thomas et al., 1965) . The protQn and 13C-n.m.r. spectra of the product were consistent with its being 2-O-octadecenyl[3H]glycerol and its radiochemical purity was greater than 99.6 %.
Preparation offat-free homogenates These were prepared essentially by the method of Jamdar & Fallon (1973) , except that the epididymal fat-pads of single rats were homogenized in 0.25M-sucrose containing 1 nm-Hepes buffer, adjusted to pH7.4 with KOH.
Enzyme assays
The concentration of substrates and cofactors described below were those that gave maximum reaction rates except where specifically stated to the contrary. The rates ofreaction were constant throughout the 30rnin period of the incubations. The activity was determined by using 2-alkylv glycerols as model substrates for the reaction (Short etal., 1974) , These were prepared bysonication (Short et al,, 1974) in 0.6mg of fatty acid-poor bovine serum albumin/ml. The assays contained in a final volume of 0.25 orQ05 ml; 25 M-Hepes buffer, adjusted to pH7.4 with KOH, 4mwnudithiothreitol, lOmM-MgCM2, 1.8mm-ATP, 50,um-CoA, 1 mM-potassium [1(P4C palmitate (0.SpCi/pumol), 6mg of fatty acidspoor bovine serum albumin/ml and either 2mM-2-hexadecylglycerol or 2mM-2-octadecenylPH{]glycerol
(1 gCi/puol), Reactions were stopped after 30min at 37°C with 1 .88 ml of chloroform/methanol (1:2, v/v) and the water content was adjuted to 0.5 ml. Lipids were extracted by the method ofBligh &Dyer, (1959 In these experiments the conditions were essentially the same as in the assays described above, except that two acyl acceptors were added at the concentrations indicated in Figs. 2-4. Antimycin A (4pug/ml) was included in the assays that contained both glycerol phosphate and dihydroxyacetone phosphate in order to inhibit any glycerol phosphate dehydrogenase (EC 1.1.99.5) activity. Incubations involving alkylglycerols and glycerol phosphate were extracted by the method of Bligh & Dyer (1959) and those involving alkylglycerols and dihydroxyacetone phosphate by the method of Hajra et al. (1968) . Samples of the bottom phase (100d) in the latter system were analysed as above by t.l.c. to detect acyldihydroxyacetone phosphate. The bottom phase was then washed twice with 2ml ofsynthetic top phasemadeby mig I litre of chloroform, I litre of methanol, 400ml of water and SOOmI of 100mm-Tis buffer, adjusted to pH8 with HCI. Portions of the bottom phase were then applied to an alumina columu as above to determine the radioactivity in neutral lipids.
Radioactivity
Radioactivity was determined by liquid-scintillation counting .
Protein
Protein was determined by a biuret method (Hilbscher et al., 1965) .
Enzyme kinetics Lineweaver & Burk (1934) analysis was performed by using a weighted regression procedure (Wilkinson, 1961 The rate ofesterification of glycerol phosphate was significantly greater than that for dihydroxyacetone phosphate (P<0.001). The latter activity was 2.2+ 1.6 (S.D. from 14 independent experiments) nmol of dihydroxyacetone phosphate esterified/min per mg of homogenate protein. The product was almost entirely palmitoyl-dihydroxyacetone phosphate. As reported for liver (LaBelle & Hajra, 1974) , the addition of NA.DPH resulted in the formation of phosphatidate (Fig. 1) . Optimum concentrations (0.2-0.4mM) of NADPH did not alter the rate of esterification of dihydroxyacetone phosphate (Fig. 1) , but, as expected, resulted in a doubling of the rate of palmitate incorporation. The rate of esterification of dihydroxyacetone phosphate was greater than that of 2-hexadecylglycerol (P<0.01), but not significantly different from the rate of 2-octadecenylglycerol esterification.
The rate of glycerol phosphate esterification was also greater (P<0.005) than the rates of esterification of 2-hexadecylglycerol and 2-octadecenylglycerol. These were respectively 0.8 ± 0.3 (S.D. from 11 independent experiments) and 1.1 ±0. with preparations from guinea-pig intestinal mucosa (Short et al. 1974 ). However, obtained relatively more diacylalkylglycerol (50 %) by using enzymes derived from hamster adipose tissue. In the present work the rate of diacylalkylglycerol synthesis might have been greater if the ionic strength of assay system had been increased and if an unsaturated fatty acid had been used as acyl donor (Coleman, 1976 (Fig. 2b) . Since homogenates were used in these studies the Km and K, values should be treated with caution. However, the results do show the competitive interactions between glycerol phosphate and dihydroxyacetone phosphate. and Polheim et al. (1973) have shown that octadecenoylglycerol and octadecenylglycerol inhibit the esterification of glycerol phosphate in preparations of hamster adipose tissue and small-intestinal mucosa. In our hands the addition of increasing concentrations of 2-hexadecylglycerol to the incubations, which were optimum for glycerol phosphate esterification, produced up to a twofold stimulation oflipid synthesis from glycerol phosphate (Fig. 3) . It was expected that an inhibition of glycerol phosphate esterification might be observed if the concentration of enzyme protein was increased to make it rate-limiting in the assay (W. C. Hulsmann, personal communication). Such an inhibition was not observed in the present work, but an inhibition of up to 35 % was obtained when the concentration of glycerol 3-phosphate was made suboptimum in the assay system (Fig. 3) .
This result indicates that the inhibition of glycerol phosphate esterification by alkylglycerols might be of a competitive nature. This possibility was tested extensively by using 2-octadecenyl[3H]glycerol, which was expected to be a more potent inhibitor. When this unsaturated analogue was used, consistent inhibition of glycerol phosphate esterification was observed (Fig. 4) . The kinetics were not ofthe normal hyperbolic type, which makes conventional analysis impossible. However, Fig. 4 demonstrates the partially competitive nature of the inhibition, which was more pronounced at low concentrations of Vol. 160 glycerol phosphate. The esterification of 2-octadecenylPH]glycerol, which was measured simultaneously, was not significantly affected by varying the concentration of glycerol phosphate.
Experiments were also performed to test the interactions between the dihydroxyacetone phosphate and monoacylglycerol pathways. Varying the concentration of dihydroxyacetone phosphate (0-5mM) and 2-hexadecylglycerol (0-4mM) had no significant effect on the rate of the esterification of the other acyl acceptor.
Effects ofclofenapate and norfenfluramine on glycerolipid synthesis Clofenapate (4-(4'-chlorophenyl)phenoxyisobutyrate] and norfenfluramine [1-(m-trifluoromethylphenyl)-2-aminopropane] are two drugs that interfere with lipid metabolism. They were added to assay systems containing the three different precursors for glycerolipid synthesis to see whether they could be used to detect differences in properties between the respective acyltransferase activities (Table 1) . Clofenapate, an amphiphilic anion, inhibited all three acyltransferase activities. By analogy with p-chloro- phenoxyisobutyrate, this effect is probably noncompetitive with respect to the acyl acceptor (Lamb & Fallon, 1972) . The activity of the glycerol phos.
phate acyltransferase appeared to be less sensitive to inhibition (P<0.001) than the activity of dihydroxyacetone phosphate acyltransferase, which resembles the situation in rat liver (Bowley et al., 1973; . Monoacylglycerol acyltransferase activity was also more sensitive to inhibition (P < 0.001) than was glycerol phosphate acyltransferase. The clofenapate inhibition of monoacylglycerol acyltransferase has not been reported before, but clofen. apate does appear to be a general inhibitor of acyltransferase activities (Brindley & Bowley, 1975) .
In contrast with clofenapate, norfenfluramine is an amphiphilic cation. It was a poor inhibitor of acyltransferase activities (Table 1) . Dannenburg et al. (1973) reported that norfenfluramine inhibited the activity of monoacylglycerol acyltransferase in the small intestine by 50 % at about 1.7mm. The equivalent inhibition was not obtained until about 15mM in the present work (Table 1) . Wilson & Galton (1971) reported an inhibition of neutral-lipid synthesis by human adipose tissue by 2-3 mM-fenfluramine, which they attributed to an inhibition of glycerol phosphate acyltransferase. In the present work concentrations of norfenfiuramine in this range stimulated glycerol phosphate acyltransferase activity by up to 2.5-fold. However, the proportion of neutral lipid synthesized relative to phosphatidate was decreased. This indicates that an inhibition of phosphatidate phosphohydrolase is the likely explanation for the decreased rate of synthesis of neutral lipids. This conclusion is supported by work with rat liver (Brindley & Bowley, 1975) .
Discussion
Palmitate esterification by homogenates of rat adipose tissue was measurd by using four precursors for lipid glycerol. The rates of esterification obtained with these precursors decreased in the order glycerol phosphate, dihydroxyacetone phosphate, 2-octadecenylglycerol and 2-hexadecylglycerol. These rates were dependent on the presence of the other precursors in the assay system. For instance, glycerol phosphate and dihydroxyacetone phosphate were mutually competitive (Fig. 2) . A similar effect has been demonstrated with the microsomal fraction of guinea-pig liver (Hajra, 1968) . However, these precursors were not mutually competitive with respect to their esterification by the mitochondrial fractions of guinea-pig (Haira, 1968) and of rat liver (Bowley et al., 1973) . Hajra (1968) also showed that the fatty acid specificity of the mitochondrial dihydroxyacetone phosphate acyltransferase differed from that of the microsomal enzyme. Schlossmann & Bell (1976) reported that more than 85 % of the activity of dihydroxyacetone phosphate acyltransferase in rat adipose cells was microsomal. LaBelle & Hajra (1972b) have shown that the specific activity of dihydroxyacetone phosphate acyltransferase in the microsomal fraction of rat adipose tissue exceeds that in the mitochondrial fraction by a factor of2.5. The failure ofglycerol phosphate (2.75-15mmM) to inhibit dihydroxyacetone phosphate acyltransferase completely is compatible with there being a dual localization of this enzyme in adipose tissue, the glycerol phosphate-insensitive activity being located in the mitochondria. Schlossmann & Bell (1976) Fig. 2 ; Schlossmann & Bell, 1976) , the observation that the acyltransferase activities towards these substrates varied independentlyofeachother (Doddset al., 1976) indicates that there are two different enzymes. This is also confirmed by the greater sensitivity of the dihydroxyacetone phosphate acyltransferase activity to inhibition by clofenapate.
2-Octadecenylglycerol also inhibited the activity of glycerol phosphate acyltransferase. The inhibition appeared to be of a competitive type (Fig. 4) , but the effect of this lipid substrate cannot be described in terms of conventional kinetics (Brindley & White, 1974) . 2-Hexadecylglycerol only produced relatively small inhibitions of glycerol phosphate acyltransferase when the concentration of glycerol phosphate in the assay system was suboptimum (Fig. 3) . At optimum concentrations of glycerol phosphate a stimulation was observed (Fig. 3 ) and this has not been reported before. In previous work with the microsomal fraction of guinea-pig intestinal mucosa, 1-monopalmitoylglycerol did not significantly affect the rate ofglycerol phosphate esterification (Brindley, 1973) . Schultzetal. (1971)proposedthattheinhibition of glycerol phosphate acyltransferase by monoacylglycerol, as demonstrated with their ether analogues, might constitute a control mechanism in the cell. This hypothesis is very attractive, but the inhibition might be caused by a non-specific detergent effect. The following paper (Dodds et al., 1976) shows a close correlation between the activities of glycerol phosphate acyltransferase and monoacylglycerol acyltransferase. This may mean that the activities are catalysed by one enzyme. However, the inability of glycerol phosphate to inhibit the esterification of octadecenylglycerol and the greater sensitivity of the monoacylglycerol acyltransferase to inhibition by norfenfluramine indicate that the two reactions are catalysed by separate enzymes as they are in the enterocyte.
The present paper demonstrates that adipose tissue, like the small intestine (Brindley, 1974) , can synthesize glycerolipids from glycerol phosphate, dihydroxyacetone phosphate and monoacylglycerols.
The relative specific activities of the three acyltransferases have been measured and their interactions described. Evidence has been presented to show that these acyltransferases are separate enzymes. The following paper (Dodds et al., 1976) shows how these activities in adipose tissue vary when rats are fed on different diets and discusses the possible physiological significance of these different routes of glycerolipid synthesis.
